Abstract
Introduction

50
Generation of large amounts of mine waste containing several heavy metals is the main 51 environmental concern associated with milling and mining activities ( Phospholipid fatty acid analysis (PLFA) is another rapid, inexpensive, and an efficient 100 way to determine the structure, and the effect of treatments on microbial community (Frostegård 101 et al., 2011). Certain PLFAs markers can serve as unique signatures for a particular group. 102
However, such biomarkers cannot detect individual microbial species due to overlapping PLFA 103 patterns; nevertheless, whole PLFA pattern is used to elucidate the shift in community 104 composition, and their relation to specific metabolic and environmental conditions (Olsson et al., 105 1999 Springs, KS, a part of the Tri-State mining district that has a 120-year history of Pb-and Zn-ore 123 mining related activities. The material was sieved to 2-mm size, and 0.5-g sample was digested 124 in triplicate following the aqua-regia reflux tube soil-digestion method to determine the 125 with 0.5 g 100g -1 of soil slurry (Ivan, Kennebec, and Kahola silt loams) collected from the North 141 Agronomy Farm at Kansas State University, Manhattan, KS. The serial dilution of soil slurry 142 was cultured on a Petri dish using Postgate's medium and incubated overnight at 34 ºC in an 143 anaerobic jar (AG0025A used with oxygen absorber; OXAN0025A, Fisher Scientific, 144
Pittsburgh, PA). The black patches observed on the plate indirectly confirmed the presence of 145 SRB in the soil slurry. The method used for SRB culturing was adapted from Luptakova et al. 146 (Luptakova et al., 2005) . The mine waste materials (non-treated or treated with S) were well 147 mixed with soil slurry and used to pack Plexiglas columns (20 cm length, 3.2 cm ID with 3 148 windows milled at 2.8 cm, 9.84 cm, and 16.94 cm) to achieve a bulk density of about 1.7 g cm -3 . 149
The packed columns were saturated slowly with DI water using a Mariotte's bottle that delivered 150 a constant flow rate before the eluent solution was supplied. The eluent consisted of a base of 151 simulated groundwater (1 mM NaCl, 1mM MgCl2, 1 mM KCl, 1 mM CaCl2 adjusted to pH 7.2) 152 with or without 10.7 mM Na-lactate (32 mM OC). This eluent provided four treatments for the 153 columns designated as C0S0, C1S0, C0S1, and C1S1, where C0 and C1 designated simulated 154 groundwater without OC and with OC, respectively; S0 designated simulated groundwater 155 applied to columns without added S; and S1 designated simulated groundwater applied to 156 columns with added S. Each treatment combination had two replicates due to limited space 157 available in the glovebox. The eluent solution was supplied using a syringe pump (KD Scientific 158
Inc., Holliston, MA) at the rate of 13 mm day -1 to simulate a slow groundwater discharge rate 159 (Wan et al., 2005) . Three series of column experiments, short (32-day), medium (119-day), and 160 long-term (252-day), were conducted at room temperature ~25 °C at different times due to the 161 lack of space in the anaerobic chamber to conduct them all simultaneously. All three series of 162 experiments were conducted based on a completely randomized design with a two-way factorialexperiment (factor 1: OC with two levels, 0 and 10.7 mM L -1 ; factor 2: S with two levels; 0 and 164 252.7 mg kg -1 ). Effluent samples were collected weekly for medium-term and biweekly for long-165 term submergence, and analyzed for pH, redox potential, total dissolved elements measurements 166 for Pb, Cd, Zn, Fe, S, Mn, K, Ca, Mg, Na, anions including sulfate, nitrate, nitrite, chloride, 167 phosphate, and dissolved organic carbon (DOC) measurements. At the end of each column 168 experiment, samples (about 20 g) were collected from three windows located on the columns and 169 frozen at -80 °C for DNA extraction, and x-ray absorption spectroscopy (XAS). More details on 170 solution chemistry data collection, and approaches used in synchrotron-based X-ray analysis, and 171 their outcomes can be found in Karna et al. (2016) . 172
Phospholipid fatty acid (PLFA) analysis 173
The PLFA analysis was performed as an initial measurement to determine the microbial 174 community changes with OC and S treatment prior to microarray analysis was performed. For 175 this, PLFA extraction was done on the original mine waste materials, and submerged C0S0, and 176 C1S1 treatments from medium term study only based on single phase extraction of lipids, which 177 was then methylated to give fatty acids methyl esters (FAME) and analyzed by gas 178 chromatograph. The PLFA extraction was performed by following the method of Bligh and Dyer 179 (1959) as modified by White and Ringlberg (1998) . The resulting FAMES were analyzed using a 180 Thermo Scientific Trace GC-ISQ mass spectrometer (Thermo Scientific, Germany) with helium 181 as a carrier gas. Analysis was conducted in the electron impact (70 eV) mode. Peaks were 182 identified based on retention times of commercially available bacterial acid methyl esters 183 (BAME; Matreya 1114) standard mix. The methyl ester peaks that were not present in the 184 BAME mix were tentatively assigned through mass spectral interpretation by comparison with 185 spectra from a library (Wiley 138K mass spectral database). Sample peaks were quantified based water extract (DI water: geomaterial mass ratio, 2:1) was 7.2, and the electrical conductivity was 232 2.31 mS cm -1 . Selected total elemental concentrations of Pb, Zn, and Cd in the material were 233 5048, 23,468, and 67 mg kg -1 , respectively (Table S2 ). The standard reference material 2711a 234 (National Institute of Standards and Technology, Gaithersburg, MD) was digested along with the 235 geomaterial to ensure a recovery percentage of each element that ranged from 79 to 109%. 236
Preliminary microbial community characterization 237
The PLFA analysis results on starting original mine tailings, inoculum, non-amended control, 238 and amended soils submerged for 119-day indicated the presence of biomarkers for various 239 microbial groups (Gram-, Gram+, AMF, fungi, and Actinomycetes). Total PLFA in starting mine 240 waste materials was 2.42 nmole/g, whereas it was 6.18 nmole/g in the submerged sediment that 241 was used as inoculum (Table S1 ). Once the materials were inoculated and submerged, no 242 significant increase in summed abundance of PLFA biomarkers was observed in non-amended 243 control (C0S0), whereas it was significantly increased in the samples treated with both OC plus S 244 (C1S1). Specifically, Gram-, and Gram+ biomarkers abundance was significantly increased in 245 amended soil, with respect to starting mine waste materials, whereas there was no noticeable 246 difference in non-amended soil. Fungi biomarker abundance was decreased with varied amount 247 in both untreated and treated soils under submergence. AMF and Actinomycetes PLFA 248 biomarkers were also decreased, however remains same in both non-amended and amended 249 samples. More interestingly, total PLFA for Desulfovibrio biomarkers was significantly 250 increased in OC plus S treated soil only (Table S1) . waste materials that was used in this study indicated none sulfide minerals, whereas it was 260 dominant with silicates, carbonates, sulfates, phosphates, nitrates and hydroxides minerals (Fig.  261 1a, 1b and 1c). Speciation changed after the mine waste material was treated with OC and/or S, 262
and submerged for different time period. Bulk XAS data indicated about 62% galena (PbS), 31% 263 sphalerite (ZnS) and 39% Cd-sulfide formation in C1S1 compared to none in C0S0 (Fig. 1a, 1b  264 and 1c), respectively under long-term incubation. Instead, more carbonates were formed in non-265 amended (C0S0) flooded materials (Karna et al., 2016) . Functional gene diversity 266
Functional gene richness, indicated by the total number of genes detected, was significantly 267 increased in C1S1 compared to C0S0 under medium-term submergence (Fig. 2) . In contrast, 268 under long-term submergence, the total number of detected genes significantly decreased in both 269 C0S0, and C1S1 treatment (Fig. 2) . 270
Relationships among microbial communities 271
Detrended correspondence analysis (DCA) was used to examine the overall functional structure 272 changes in microbial communities with the OC-plus-S treatment under medium-and long-term 273 submergence. In the DCA ordination plot, similar samples cluster closely (Ramette et al., 2007) . 274
The overall DCA ordination plot obtained from all detected genes resulted in clear clustering of 275 samples from medium-and long-term submergence (Fig. 3) . 276
When samples from medium-and long-term submergence were plotted individually, 278 separate clusters for each treatment were formed (Fig. S1) , indicating an overall effect of OC 279 and/or S treatments and time on the community structure in relation to geochemistry dynamics 280 and enhanced reduction (Fig. 3) . DCA analysis with metal resistance genes showed a separate 281 cluster for C1S1 but there was some overlap among the rest of the treatments under medium-282 term submergence (Fig. S2) , however clearer clusters were formed for both C0S0 and C1S1 283 under long-term submergence. Interestingly, the DCA ordination plot of C-cycling genes 284 indicated clear cluster for C1S0 when only OC was added (Fig. S3) . Similarly, the DCA plots of 285 S-cycling category, and S-genes such as dsrA and dsrB segregated much clearly for C0S1 and 286 C1S1 when S was added, whereas no overlapping was observed with rest of the other treatments 287 (Fig. S4, S5, S6 ). Under longer submergence, both treatments, C0S0 and C1S1 samples made 288 separate clusters under each category. Overall, DCA results for metal resistance and S-cycling 289 genes showed clear clusters for the treatments submerged for both medium and long term, but 290 the DCA ordination plot for C-cycling genes showed slight overlapping. The DCA of individual 291 S-cycling genes: dsrA, dsrB (Fig. S5, S6 ) revealed clearer clusters with dsrB compared with 292 dsrA genes. 293 3.5. Total abundance of functional gene categories 294 The shifts that were observed in the DCA ordination plots were likely the result of changes in 295 total abundance of functional genes. Results from individual gene categories revealed that S-and 296 C-cycling functional gene abundance was enhanced by 35% and 27%respectively, in C1S1 297 compared with C0S0 over time (Fig. 4a) . On the other hand, metal resistance and organic 298 remediation functional genes decreased by 26% (Fig. 4a) and 21% (Fig. 4b) were more abundant by 31% (ρ = 0.01), 35% (ρ = 0.01), and 40% (ρ = 0.002), respectively, in 317 C1S1 compared with C0S0 under long-term submergence (Fig. 5a) , indicating their major role in 318 dissimilatory sulfate reduction. Similarly, among C-cycling functional genes, phenol oxidase and 319 endochitinase were the most dominant genes and were 35% (ρ = 0.002) and 30% (ρ = 0.017) 320 more abundant, respectively, in C1S1 than in C0S0 (Fig. 5b) . Metal resistance genes for Cd, Zn,and Pb were examined, and cadA (Cd resistance gene), czcA (Cd, Zn, and Co resistance gene), 322 and pbrA (Pb resistant gene) decreased by 29% (ρ=<0.001), 24% (ρ =0.002), and 15% (ρ = 323 0.002), respectively, in C1S1 compared with C0S0 over time (Fig. 5c) . 324
Canonical correspondence analysis (CCA) was performed to examine the relationship 325 between microbial community structure and geochemistry (Fig. 6) C0S0 systems were observed compared to C1S1 (Fig. S2) , and that suggests some closer 364 associated microorganisms from these treatments. The closely associated microbes could be due 365 to common, and flexible substrate utilization preference. Comparatively, lesser or no overlap was 366 observed among the samples from C1S1 and C0S0 under longer submergence. The segregationamong the clusters from these two treatments under different category increased with time 368
depending on their involvement in microbial community structure changes. This supports the 369 fact that time was another dominant factor in determining the microbial community structure. 370
The positive effect of OC, S, and N via increase in corresponding functional genes abundance 371 and the impact on change in microbial community structure has been observed by several studies 372 
Functional gene diversity 377
The significant increase in microbial community abundance in C1S1 followed by a significant 378 decline may indicate rapid oxidation of added OC coupled with a reduction in available terminal 379 electron acceptors (TEAs) and a subsequent decline as suitable TEAs were exhausted. This result 380 could be explained by the trend that was observed with DOC concentration in the current study. 381
Initial concentration of DOC in the eluent was 32 mM but was reduced to 30 mM in effluent at 382 7-day submergence and further decreased to <detection limit (DL) under long-term submergence 383 in OC-added treatments. On the other hand, non-OC-treated columns showed <3 mM DOC, with 384 no significant change during long-term submergence (Table 1) . A similar result was reported by 385 Brodie et al. (2006) , in which initial enrichment in total functional genes was observed with OC 386 addition and subsequently declined, but no such enhancement in functional gene richness was 387 observed without OC addition. Therefore, we speculate that this results could be owing to 388 decreased availability of OC (<3 mM) (Table 1) . 389 Table 1 . Chemical data for the effluent samples collected after medium-(119-day) and long-390 (252-day) term submergence. The soil samples collected at these time points were used for 391 microarray analysis. 392
Previous studies revealed that the addition of OC stimulated biomass and microbial 393 activity in these typically nutrient-poor environments and had a significant effect on microbial 394 biomass, microbial community structure, and functional genes (Holmes et al. (Fig. 4b) is probably owing to an increase in genes directly involved in 409 bio-reduction (i.e., dsrA/B) rather than a true reduction in organic remediation genes, because 410 they are likely not involved in bio-reduction; the similar result was also reported by Van 411 
Total abundance of functional gene categories 413
The abundance of stress-related functional genes and metal resistance genes decreased during 414 long-term submergence, with both C1S1 and C0S0 indicating that in addition to OC and S, 415 submergence time played a role in decreasing toxicity in these systems. Heavy metals are 416 predicted to represent a major stress on the microbial community, and adaptation to metal stress 417 may be of particular importance in shaping microbial community structure (Hemme et al., 2010) . between enhanced dissimilatory sulfate reduction and increased S-cycling functional genes can 428 be further supported by the decreased sulfate-S concentration in effluent samples (Table 1) and 429 the increased metal sulfide formation (Fig. 1a, 1b and 1c) . Direct involvement of C-cycling and 430 S-cycling genes in dissimilatory S reduction via rapid consumption of OC followed by sulfate 431 reduction were also reported before by Huerta-Diaz et al. Cd under reduced conditions. This was supported by bulk XAS, indicating increasing galena 442 (PbS), sphalerite (ZnS), and cadmium sulfide formations in C1S1over time (Karna et al., 2016) . 443
Similar amount of galena formation was also observed in C1S0. Limited S concentration and 444 enhanced pH in C1S0 treatment, however, could lead metal carbonates to be more stable in long 445 run, which are not as stable as sulfide minerals, and controlling metal solubility. Therefore, 446 treatment with both OC and S will be more promising as metal sulfides are more resistant to 447 oxidation, and less sulfide formation is needed to maintain permissibly low metal concentrations 448 in water for a longer period of time. 
